ABSTRACT Ascaridia galli is one of the most abundant nematode parasites in poultry. A. galli infections can significantly impact the profitability of egg farms and have negative implications for bird health and welfare. The main objectives of this study were to determine whether A. galli specific antibodies in egg yolks can be used to detect prior or current exposure to A. galli in laying hens, and to distinguish between eggs obtained from caged and free-range hens. Twenty-two laying hen flocks from different production systems (10 free-range, 2 barn-housed, and 9 caged flocks) were enrolled in the study. An in-house enzyme-linked immunosorbent assay was used to analyze levels of A. galli specific antibodies in yolk. The numbers of A. galli eggs in hen excreta were also determined in a subset of farms.
INTRODUCTION
In recent years, free-range hen egg production systems have been increasing in many parts of the world. It is generally considered that free-range production systems offer improved welfare for birds. However, freerange systems also increase the exposure of birds to intestinal parasites such as Heterakis gallinarum and Ascaridia galli that can subsequently lead to health problems associated with these pathogens, compromising welfare standards (Permin et al., 1997) . In freerange systems, birds are in frequent contact with their excreta which facilitates completion of the direct parasite life cycle (Wongrak et al., 2014) . Among helminths, A. galli has been reported as one of the most abundant nematodes in poultry (Daş et al., 2010) . According to Dahl et al. (2002) , A. galli infections reduce egg production and body weight of infected laying hens, resulting C 2018 Poultry Science Association Inc. Received June 14, 2018. Accepted August 2, 2018. 1 Corresponding author: tdao@myune.edu.au in significant economic losses for farmers. Furthermore, heavy infections with A. galli may lead to increased mortality within the flock (Gauly et al., 2005; Kilpinen et al., 2005; Permin et al., 2006) and increased susceptibility of infected birds to other pathogens (Dahl et al., 2002; Permin et al., 2006) . Thus, A. galli infections can not only impact on the profitability of egg production enterprises, but also have negative consequences for bird health and welfare.
Traditionally, diagnosis of ascaridiosis has been performed via manual counting of A. galli eggs present in excreta samples (Fahrimal and Raflesia, 2002; Suharti et al., 2010) . Eggs are only shed by mature female worms. Thus, birds may have already been impacted by infection for weeks or months by the time the infection is detected (Martín-Pacho et al., 2005) . Even when the worms have entered their adult phase, accurate diagnosis might still be challenging because the female worms release eggs intermittently (Balqis et al., 2013) . Furthermore, the excreta method might also produce inaccurate results due to its insufficient sensitivity (Daş et al., 2011; Balqis et al., 2013) , the phenotypic similarity between eggs of different nematodes 179 (Thienpoint et al., 1986) , and the large level of variation in the infection levels of birds housed together. Thus, development of a more reliable method to detect existing or previous A. galli infection is important to allow effective disease treatment strategies to be implemented to improve the health, welfare, and performance of birds on poultry farms.
A possible alternative option to evaluate the parasite status in poultry flocks is via serological tests. Serological techniques, for example, the semi-quantitative immunodiffusion test, detect levels of parasite-specific antibody in serum with positive results suggesting exposure to the parasites (Balqis et al., 2013) . Recently, Martín-Pacho et al. (2005) suggested that serological tests could be a useful tool to diagnose A. galli infection before worm eggs appear in excreta. In those studies, serum samples from A. galli infected hens were analyzed for anti-A. galli IgG antibodies using an enzyme-linked immunosorbent assay (ELISA). The results obtained from the ELISA assays were similar to those obtained from coprological surveys. More specifically, no positive results were observed using the ELISA test on samples from farms which were identified as free of A. galli infection as confirmed by excreta egg count. The highest antibody levels were observed in samples from the farm that had greatest number of worm eggs in excreta (Martín-Pacho et al., 2005) . Thus, results suggested that serological tests could be used to determine if birds had been previously exposed to A. galli. These findings are important as they confirm that early detection of A. galli infection is possible using ELISA tests before the worm eggs appear in their excreta, thus potentially minimizing disease transmission on the farms. However, the use of the serum samples for analysis has some disadvantages involved with stress, labor and training for blood collection (Beck et al., 2003) .
The potential for protection of young chicks from A. galli via maternal antibodies has been reported (Brewer and Edgar, 1971; Marcos-Atxutegi et al., 2009 ). Maternal antibodies are transferred to their offspring through the egg yolks (Mondal and Naqi, 2001; Ahmed and Akhter, 2003; Hamal et al., 2006; Gharaibeh et al., 2008) . These antibodies provide passive protection for the young chicks against bacterial and viral diseases, parasitism and bacterial toxins until their own immune system develops (Hamal et al., 2006; Fellah et al., 2008) . Importantly, Marcos-Atxutegi et al. (2009) found that laying hens experimentally infected with A. galli exhibited a strong antibody response to the parasite. In particular, immunoglobulin Y (IgY) antibodies were detected in both serum and egg yolk samples of infected layers 105 d post-infection (Marcos-Atxutegi et al., 2009) . Furthermore, the level of A. galli specific antibodies in hen plasma has been shown to be highly correlated with yolk antibody levels (r = 0.89) . A study by Balqis et al. (2013) also reported that yolk A. galli specific antibody recognized excretory/secretory protein epitopes scattered in the tissues of A. galli. On this basis, the authors suggested that yolk immunoglobulins could be used for immunodiagnostic purposes to aid in the treatment and prevention of A. galli infection. Thus, detection of A. galli specific antibody in egg yolk samples could be used in place of serum samples. In fact, egg yolk samples have been used to detect a variety of diseases in poultry, including Newcastle Disease (Rose and Mocket, 1983; Keck et al., 1993) . This strategy has also been proposed for detecting avian influenza disease as part of targeted surveillance programs (Beck et al., 2003) .
Avian antibody levels can be analyzed using various methods such as the agar gel immunodiffusion test, radio immunosorbent assay, ELISA tests and hemagglutination-inhibition test. Among these, the ELISA test has been demonstrated to be a sensitive method and does not require the use of radioactive labels (Beck et al., 2003) . In poultry, ELISA tests have been used previously to analyze the levels of anti-A. galli antibodies in egg yolk and serum samples (MarcosAtxutegi et al., 2009; Schwarz et al., 2011; Norup et al., 2013; Daş et al., 2017; Rahimian et al., 2017) .
The main objective of the current study was to determine if anti-A. galli specific antibody levels in egg yolks could be used to detect current and prior infection with A. galli in commercial layer flocks and to distinguish between eggs obtained from caged and free-range hens. Variability of anti-A. galli antibody responses in hens housed on different commercial farms was investigated. This is the first study attempting to distinguish the housing systems by comparing egg yolk anti-A. galli antibody levels between commercial laying hen flocks. This work is important to recognize the significantly different levels of parasite exposure associated with various production systems. The results obtained from this research will allow for the development of strategies to reduce A. galli infection. Additionally, the method proposed in the current study is welfare friendly for hens as the collection of eggs for diagnosis is less stressful than blood sampling. 
MATERIALS AND METHODS

Sample Collection
Hen eggs were randomly collected from 10 free-range, 2 barn-housed, and 9 caged flocks in Australia. Six eggs from each flock were randomly chosen for analysis of anti-A. galli antibody level. The eggs used in this research were from various breeds of hens (Table 1) with all hens being at least 60 wk of age at the time of sampling. Levels of anti-A. galli specific antibodies in yolk were determined using an in-house ELISA assay. In order to examine the relationship between the levels of anti-A. galli antibodies in egg yolk and the number of A. galli eggs present in hen excreta, pooled excreta samples (50 g per sample) were randomly collected from a subset of the surveyed farms including 4 free-range, 2 barn-housed, and 3 caged flocks. Background information on the farms, including hen age, breed, and worm treatment history, is also presented in Table 1 .
Sample Analysis and ELISA Assay
Extraction of Egg Yolk To prepare egg yolks, individual fresh eggs were cracked; the yolk individually collected and weighed using an electronic scale (Scale 361F, Sartorius AG, Göttingen, Germany) with a precision of ±0.001 g. Then, the egg yolk was diluted and mixed well with the same volume of distilled water. The mixture was then aliquoted into 3 tubes with equal volume and stored at -20
• C for further analysis. Positive and Negative Control Samples Positive and negative control yolk samples for use in ELISA assays were obtained from previous research projects. Positive control samples were prepared from a pool of 5 egg yolks collected from birds known to be heavily infected with A. galli. Meanwhile, negative control samples were prepared from a mixture of egg yolks from birds not infected with A. galli. The same positive and negative control samples were run on all plates in all ELISA assay runs to monitor assay performance.
Ascaridia galli Antigen An in-house A. galli antigen for coating plates in the ELISA assay was prepared as described by Sharma et al. (2017) .
ELISA for the Detection of Antibodies Against A. galli An in-house ELISA assay was developed to analyze the level of A. galli specific antibodies in egg yolks based on the method described by Norup et al. (2013) with minor modifications. ELISA procedures were optimized based on techniques outlined in the ELISA handbook (Boster, 2017) . Optimization involved assessing the ability of various blocking solutions to minimize non-specific binding and determining optimal dilution levels of samples and secondary antibodies to minimize background signal and maximize sensitivity of the assay. Briefly, ELISA polystyrene microplates (NuncImmunosorbent, Merck, Darmstadt, Germany) were coated with A. galli antigen (100 μL/well) at a concentration of 1 μg/mL and incubated overnight at 4
• C. Following incubation, wells were blocked with blocking solution (PBS with 0.5% Bovine Serum Albumin, pH 7.4, 250 μL/well) and incubated at room temperature for 2 h. Then, blocking solutions were washed from the plates (once) with a washing solution (PBS with 0.05% Tween-20, 250 μL/well). Samples, including egg test yolk samples along with positive and negative control yolk samples, were added in triplicate (100 μL/well) at dilutions of 1/3000 and 1/12,000 and incubated at room temperature for 1 h. Plates were then washed 5 times with the washing solution, and a goat antichicken IgY antibody conjugated to horseradish peroxidase (BioRad, Hercules, CA) (100 μL/well) was added into each well and incubated at room temperature for 1 h. Plates were then washed 5 times with the washing solution and substrate solution (TMBtetramethylbenzidine dihydrochloride, Sigma-Aldrich, St. Louis, MO) (100 μL/well) was added to wells. The plates were incubated in the dark for 10 min. Following incubation, color development was stopped with the addition of 1 M H 2 SO 4 (50 μL/well). Optical densities of wells were measured at 450 nm with a 650-nm reference wave length in a microplate reader.
Numbers of A. galli in Hen Excreta
The numbers of A. galli eggs in excreta were determined using the modified McMaster fecal egg counting technique (Permin et al., 1997) . Briefly, 4 g of each excreta sample were placed into a 60 mL glass jar. Then, 10 mL of water was added and samples were soaked for 30 min. A saturated salt (NaCl) solution was added to a final volume of 60 mL. Samples were stirred thoroughly and then loaded into the McMaster egg counting chambers using 1 mL syringes. The A. galli eggs were counted using a microscope at 40× magnification (Stereo compound microscope Olympus CX31, Tokyo, Japan). Excreta samples containing at least 1 A. galli egg were considered as positive. For the purposes of discussion, the results of the worm egg counts (WEC) were considered as low (mean <50 A. galli eggs/gram excreta), medium (50 to 100 A. galli eggs/gram excreta), or high (>100 A. galli eggs/gram excreta).
Data Analysis
Antibody levels were analyzed fitting the fixed effects of production type (free-range vs. barn-housed vs. caged). The antibody level data were tested for approximately normal distribution and approximately equal variances between fixed effect groupings. The level of variation in anti-A. galli antibody levels within and between flocks was assessed. Firstly, a quantile comparison plot was used to examine the data distribution (parametric or non-parametric), which was followed by a Levene's test for testing the homogeneity of variances between the groups. Data transformation was undertaken to meet the statistical assumptions where required. Depending on the results produced from the normality and homogeneity of variance tests, either oneway ANOVA or the non-parametric ANOVA (KruskalWallis test) was used to test statistical differences in the anti-A. galli antibody levels between the flocks and production systems of laying hens. If statistical differences (P < 0.05) were observed, the Tukey's post-hoc test was employed to identify pairwise differences between the groups. Differences in the numbers of worm eggs per gram of excreta between production systems were not analyzed as only a subset of flocks was sampled. The egg count data was therefore only used to investigate the association between levels of anti-A. galli antibodies in the egg yolk and the numbers of worm eggs per gram of excreta on subset of farms using the Pearson's product-moment correlation test. All data analysis was carried out in R Commander (version 3.3.1, R Foundation for Statistical Computing, Vienna, Austria). For ease of interpretation, data in graphs represents the raw untransformed data. P values ≤ 0.05 were considered significant.
RESULTS
A summary of egg yolk anti-A. galli antibody levels and numbers of A. galli eggs per gram of excreta observed in the surveyed flocks is presented in Table 2 .
Statistical differences in the levels of A. galli specific egg yolk antibodies were found between (P < 0.001) and within the production systems (P < 0.001) ( Table  2) . Caged hens had the lowest levels of A. galli specific antibodies in egg yolks, while antibody levels in freerange and barn eggs were comparable (Table 2; Figure  2 ). Antibody levels, as measured in OD units, ranged from 0.09 in flock 18 (cage) to 1.35 in flock 9 (freerange) representing a 14.4 fold difference. However, low levels of A. galli specific antibodies were still detected in some free-range flocks including flocks 1, 5, 6, and 10. In general, A. galli specific antibody levels in eggs from free-range and barn-housed hens tended to be higher and also more variable compared to levels observed in eggs from caged hens (Figures 1, 2 and 3) .
Ascaridia galli was the most prevalent roundworm detected, found in 6 of the 10 surveyed farms where excreta samples were collected. Capillaria spp. was detected in only 1 farm (Table 2) . Although not statistically analyzed, free-range and barn-housed flocks generally had high WEC (>100 A. galli eggs/gram excreta), while no A. galli eggs were found in the excreta samples obtained from the caged flocks. The WEC of free-range flocks was comparable to those of the barn-housed flocks. The highest WEC were observed on farms 12, 4, and 6, followed by farms 5, 11, and 3. Farms 15, 16, and 17 (caged flocks) had not been exposed to A. galli (Table 2) .
The anti-A. galli antibody level in the egg yolk showed a weak correlation with the number of A. galli eggs present in the hens' excreta (Figure 4) . The result produced from the correlation test confirmed this when it showed that the WEC did not correlate with the levels of egg yolk anti-A. galli antibodies (r = 0.54, P = 0.13).
DISCUSSION
The most important finding of the current study is that the overall anti-A. galli antibody levels in the egg yolks of free-range and barn-housed flocks were significantly higher than those detected in cage flocks. These findings are consistent with those reported by others in different environments. For example, Daş et al. (2017) compared the accuracy of ascaridiosis diagnostic methods based on the excreta worm egg counting and A. galli specific antibody levels in both serum and egg yolk samples, as determined by ELISA, in experimentally infected hens. In that study, levels of A. galli specific antibodies in both serum and egg yolks of infected hens were significantly higher than levels detected in noninfected hens ).
In the current study, there was agreement between the results produced from the ELISA assay and those Values represent the mean ± standard error in each flock. The means and standard errors of antibody levels were calculated from raw untransformed data, while statistical analysis was performed using log transformed data.
a-c Means within a production system lacking a common superscript differ (P < 0.05). 1 Data were not available. obtained from excreta tests. Low A. galli specific antibody levels were observed in the 3 caged flocks, where no A. galli eggs were observed in excreta. However, high levels of A. galli specific antibodies were found in the farms where positive excreta samples were detected with the exception of farm 5 (free-range). Similar findings were reported by Martín-Pacho et al. (2005) . In addition, the results of that study using hens experimentally infected with A. galli also demonstrated that A. galli specific serum antibody levels progressively increase, being highest between 4 and 7 wk post-infection and remain on that level for 3 wk afterwards. Meanwhile, A. galli eggs were only detected 7 wk after infection (Martín-Pacho et al., 2005) .
Higher incidence of A. galli infection in free-range production systems compared to the cage systems have been previously reported (Permin et al., 1999; Jansson et al., 2010) . The close contact between birds and their excreta in free-range systems, which facilitates the completion of A. galli life cycle, is a major contributing factor (Permin et al., 1999; Jansson et al., 2010; Kaufmann et al., 2011a; Wongrak et al., 2014) . Results from the current study agreed with those reported previously with high numbers of A. galli eggs been observed in the excreta samples of free-range flocks but not cage flocks. Marcos-Atxutegi et al. (2009) demonstrated that infection of laying hens with A. galli induced strong antibody responses. Levels of A. galli specific IgY antibody increases significantly in the plasma of experimentally infected hens beginning 2 wk post-infection (Schwarz et al., 2011) . Similar antibody responses are expected to be observed in yolk samples as A. galli specific antibody levels in hen plasma are highly correlated to those in egg yolk (r = 0.89) . Thus, higher incidences of A. galli in free-range production systems compared to the cage systems are expected to result in higher levels of A. galli specific antibodies being detected in the plasma and egg yolks of free-range hens.
Detection of A. galli infection through analysis of A. galli specific antibody levels in egg yolks by ELISA test is highly sensitive compared to other methods. Daş et al. (2017) suggested that the sensitivities of ELISA assays for the detection of A. galli infection under experimental conditions were 93% and 94% for egg yolk and serum samples, respectively. Meanwhile, the sensitivity of excreta egg counts to detect infection was lower (84%). In the field study, the ELISA test also showed a greater diagnostic accuracy for A. galli infection than did the use of excreta egg counts. More specifically, 90% of the naturally mixed-nematode infected hens were correctly determined by the ELISA test using serum, whereas 45% of the infected hens were not identified using excreta egg counts. Nevertheless, both antibody level determination and excreta egg counting could detect true negative hens with a high specificity of 100% . Similar findings were observed in the present study as low anti-A. galli antibody levels were detected in samples from caged flocks, which had no excreta A. galli eggs. The negative control samples used in the current study, which were prepared from a mixture of egg yolks from birds not infected with A. galli, also consistently generated negative results (low anti-A. galli antibody levels), suggesting that the positive cases with high anti-A. galli antibody levels that identified from the field study represent true positive samples. However, the possibility of false positive diagnoses cannot be ruled out using the data described here. In the current study, numbers of false positives results could not be determined as it was not possible to determine whether these hens had previous exposure to infection, or whether they were currently infected with immature stages of A. galli. It has been suggested that the diagnostic accuracy of the ELISA system in the field might not only depend on the high sensitivity and specificity of the test, but also on the true prevalence of the roundworm infections (Kaufmann et al., 2011b; Thapa et al., 2015; Wongrak et al., 2015) . The positive predictive value of the ELISA assay is expected to be reduced with a decrease in infection prevalence (White et al., 2016) . Therefore, although the ELISA assay is highly sensitive in distinguishing between infected and non-infected A. galli cases in experimental infections, false-positives might still occur. In addition, Daş et al. (2017) pointed out that the worm burden did not correlate with the levels of anti-A. galli antibodies in the hen serum or egg yolk. An inverse relationship between A. galli infection level (determined by the number of A. galli eggs per gram excreta) and the anti-A. galli antibody response in experimental hens was also found by Norup et al. (2013) . Similar results were obtained in the current study with such factors potentially explaining the low levels of A. galli specific antibodies in the egg yolks of several A. galli infected free-range flocks in the present study (flock 1, 6, and 20).
Larger variations in the A. galli specific antibody levels were observed within free-range flocks as compared to caged flocks in the current study. Previous research has shown considerable individual variation in use of the range within free-range layer flocks. Range usage might be daily for some hens, while others might make irregular or no visits to the range (Richards et al., 2011; Campbell et al., 2017) . The number of visits and the time birds spent on the range each day might also vary significantly between the hens. A study by Campbell et al. (2017) showed that the number of visits by hens accessing the outdoor run can range from fewer than 5 times to over 40 times per day. Meanwhile, the time on the range per hen per day can vary from less than an hour to over 6 h. We propose that the variation in the range usage between the free-range hens might contribute differences in infection intensities and subsequent differences in anti-A. galli antibody levels in their egg yolks. Additionally, there might be significant variations in the levels of antibody response between birds due to the differences in their abilities to mount an antibody response to the parasite.
Results from the current study indicated that analysis of anti-A. galli antibodies in the egg yolk can be used to detect exposure to A. galli infection in layer flocks. Nevertheless, the ELISA test based on egg yolk samples will not be able to distinguish between prior or current A. galli infections. A positive A. galli specific antibody result could be obtained from the test even though a successful worm treatment has been applied and the infection cleared as antibodies generated as a result of previous infections can be detectable for some time. The method proposed in this study also cannot be used to accurately discriminate between cage and freerange production systems as variable A. galli specific antibody levels were observed in free-range flocks. Findings from the current study showed that the A. galli specific antibody levels in the egg yolk were not highly correlated with the number of A. galli eggs present in excreta. However, studies with increased numbers of samples are warranted to validate these findings with necropsies of experimental birds allowing accurate assessment of worm infection intensity. Before using the ELISA test as a diagnostic tool in industry, a study of the antibody level profiles in samples after infection from both helminth naïve and previously infected hens would be needed to establish the half-life of antibodies in vivo. Such studies should be undertaken with care to avoid the influence of maternal antibodies.
